Acid-sensing ion channels (ASICs) are voltage-independent Na ؉ channels activated by extracellular protons. ASIC1a is expressed in neurons in mammalian brain and is implicated in long term potentiation of synaptic transmission that contributes to learning and memory. In ischemic brain injury, however, activation of this Ca 2؉ -permeable channel plays a critical role in acidosis-mediated, glutamate-independent, Ca 2؉ toxicity. We report here the identification of insulin as a regulator of ASIC1a surface expression. In modeled ischemia using Chinese hamster ovary cells, serum depletion caused a significant increase in ASIC1a surface expression that resulted in the potentiation of ASIC1a activity. Among the components of serum, insulin was identified as the key factor that maintains a low level of ASIC1a on the plasma membrane. Neurons subjected to insulin depletion increased surface expression of ASIC1a with resultant potentiation of ASIC1a currents. Intracellularly, ASIC1a is predominantly localized to the endoplasmic reticulum in Chinese hamster ovary cells, and this intracellular localization is also observed in neurons. Under conditions of serum or insulin depletion, the intracellular ASIC1a is translocated to the cell surface, increasing the surface expression level. These results reveal an important trafficking mechanism of ASIC1a that is relevant to both the normal physiology and the pathological activity of this channel.
expressed in neurons in mammalian brain and is implicated in long term potentiation of synaptic transmission that contributes to learning and memory. In ischemic brain injury, however, activation of this Ca 2؉ -permeable channel plays a critical role in acidosis-mediated, glutamate-independent, Ca 2؉ toxicity. We report here the identification of insulin as a regulator of ASIC1a surface expression. In modeled ischemia using Chinese hamster ovary cells, serum depletion caused a significant increase in ASIC1a surface expression that resulted in the potentiation of ASIC1a activity. Among the components of serum, insulin was identified as the key factor that maintains a low level of ASIC1a on the plasma membrane. Neurons subjected to insulin depletion increased surface expression of ASIC1a with resultant potentiation of ASIC1a currents. Intracellularly, ASIC1a is predominantly localized to the endoplasmic reticulum in Chinese hamster ovary cells, and this intracellular localization is also observed in neurons. Under conditions of serum or insulin depletion, the intracellular ASIC1a is translocated to the cell surface, increasing the surface expression level. These results reveal an important trafficking mechanism of ASIC1a that is relevant to both the normal physiology and the pathological activity of this channel.
Acid-sensing ion channels belong to the epithelial sodium channel and degenerin family of ion channels and primarily transport Na ϩ into cells. ASICs 2 are activated by the presence of extracellular protons, which serve as ligands for these channels. So far six isoforms of ASICs (ASIC1a, 1b, 2a, 2b, 3, and 4) have been found in the mammalian central and peripheral nervous system. ASIC1a is expressed in various regions of brain including hippocampus, cerebral cortex, cerebellum, and amygdala (1) (2) (3) . The role of ASIC1a in brain function is well characterized, in particular by electrophysiological and behavioral studies of ASIC1a knock-out (ASIC1a Ϫ/Ϫ ) mice. ASIC1a H ϩ -evoked currents are involved in synaptic transmission that contributes to important normal brain functions such as learning and memory in hippocampus and fear-related behaviors in the amygdala (3) (4) (5) . Like other ASIC isoforms, the amino acid sequence of ASIC1a reveals a structure highly conserved among the epithelial sodium channel family (6) . The crystal structure of a truncated chicken ASIC1a channel determined that this two-transmembrane protein is assembled as a trimer (7) . Cerebral neurons express native ASIC1a as an assembly of homomultimers as well as heteromultimers in association with ASIC2a (8) . Although ASIC1a and ASIC2a share high homology in their amino acid sequences, these proton-activated channels exhibit distinct sensitivity to extracellular pH. ASIC1a is more sensitive to changes in extracellular proton levels than ASIC2a and thus activates at a higher pH (pH of halfmaximal channel activation pH 0.5 ϭ 6.2), whereas ASIC2a activates at a lower pH (pH 0.5 ϭ 4.4). Additional differences are found in cation selectivity, because homomultimeric ASIC1a channels, but not ASIC2a, permeate Ca 2ϩ in addition to Na ϩ . ASIC1a is activated during tissue acidosis following cerebral ischemia and seizures and such activation, and the ensuing Ca 2ϩ -influx causes neuronal injury (9, 10) . Although N-methyl-D-aspartate-type glutamate receptors have been considered the foremost cause of intracellular Ca 2ϩ overload and related toxicity following ischemic insults, recent observations have established the importance of ASIC1a to glutamate receptor-independent Ca 2ϩ toxicity (9) . In a mouse model of focal ischemia, the penumbral cortex undergoes tissue acidification to ϳpH 6.5 prior to the development of infarction (11, 12) . Activation of ASIC1a during tissue acidification is directly responsible for ischemic infarction, because blockage of either tissue acidification by bicarbonate or ASIC1a activity by an antagonist psalmotoxin 1 efficiently reduced infarct volume (9, 12) . The time window for acidosis and ASIC1a activation is longer than that for activation of glutamate receptors and extends many hours after the onset of stroke. This time window coincides with progression of ischemic infarction and thus underscores the crucial role of ASIC1a in this regard.
In this study we sought to identify the mechanism and regulatory components activating ASIC1a under ischemic stress. ASIC1a currents are significantly potentiated in cell culture models of ischemia, i.e. deprivation of oxygen and glucose and extracellular acidification, which consequently led to cell injury (9) . The ischemic model in cell culture was previously established for neurons as well as heterologous cells expressing ASIC1a (9) . Numerous studies have shown that ASIC1a, like ASIC2a, forms functional channels in heterologous cells, and the biophysical properties are indistinguishable from that of the native neuronal channels. Here we employed CHO cells stably expressing ASIC1a to investigate whether ASIC1a potentiation occurs through an increase in surface levels of ASIC1a under ischemic conditions. To our surprise, deprivation of serum, specifically insulin in serum, caused substantial accumulation of ASIC1a channels in the plasma membrane. Concurring with these results, serum depletion potentiated ASIC1a currents in CHO cells, as did insulin depletion in neuronal cells. Although ASIC1a mainly functions on the cell surface, it is predominantly localized in the ER and the outer nuclear membrane in CHO cells, and such intracellular localization was also observed in cortical neurons. The ER localization of ASIC1a signifies both regulation of surface expression by an ER retention mechanism and the presence of an intracellular reservoir for surface delivery and accumulation. It is striking that pathological settings causing ASIC1a potentiation have unveiled an important regulatory mechanism for surface expression of this channel that has been largely unknown so far.
EXPERIMENTAL PROCEDURES
Plasmids, Cell Culture, and Transfection-The rat cDNA clone of ASIC1a and ASIC2a in pCDNA3, and GFP fusion to both ASIC1a and ASIC2a at the C terminus (pCDNA-ASIC1a-EGFP and pCDNA-ASIC2a-EGFP) were described previously (13) . ASIC1a and ASIC2a tagged with epitope FLAG (YKDDDDK) at the C terminus were constructed in plasmid pCDNA3. The N-terminal fusion of epitope HA (YPYDVPDYA) to ASIC1a was constructed in pCDNAJM1. CHO cells were cultured routinely in Dulbecco's modified Eagle's medium with high glucose (Invitrogen) supplemented with 10% fetal bovine serum in humidified 5% CO 2 incubator. Cortical neurons of prenatal E16 Swiss mice were cultured in Neurobasal medium supplemented with B-27 and GlutaMax (Invitrogen). The neurons were cultured 4 days prior to transfection, 10 days prior to immunocytochemistry, and 12 days prior to electrophysiological recordings. CHO cells and neurons were transfected using FuGENE 6 (Roche Applied Science) and NeuroFect (Genlantis) transfection reagent, respectively.
Immunocytochemistry-CHO cell lines stably transfected with pCDNA-ASIC1a-EGFP, pCDNA-ASIC2a-EGFP, pCDNA3-ASIC1a, and pCDNA3-ASIC1a-FLAG were used. To visualize the expression pattern of HA-ASIC1a, the neurons were cultured for 4 days after transfection with pCDNA-HA-ASIC1a. CHO cells and neurons were fixed in 4% paraformaldehyde/PBS and permeablized and blocked in blocking buffer containing 2% normal goat serum, 2% bovine serum albumin, and 1% Triton X-100 in PBS. Frozen sections of brain slices were fixed in methanol, boiled in 10 mM sodium citrate buffer (pH 6) for 1 min for antigen retrieval, and blocked and permeablized in blocking buffer containing 10% normal goat serum, 2% bovine serum albumin, and 1% Triton X-100 in PBS. Primary and secondary antibodies were diluted in blocking buffer. The antibodies used were rabbit anti-ASIC1a (Sigma), mouse anti-FLAG (Sigma), rabbit anti-GRP78 BiP (abcam), rabbit anti-HA Y-11 (Santa Cruz), rabbit anti-lamin B (abcam), mouse anti-NeuN (Chemicon), and goat anti-mouse IgG-fluorescein isothiocyanate and goat anti-mouse IgG-Cy3 (Jackson Immuno Research). The nuclei were stained with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (Jackson Immuno Research). Brain slices and cells were analyzed by epifluorescence microscopy (Leica DM LB) and confocal microscopy (Olympus; Molecular Microbiology and Immunology Core Facility at the Oregon Health and Science University).
Serum Deprivation Assays, Cell Surface Biotinylation, and Western Blot-CHO cell lines stably transfected with pCDNA-ASIC1a-FLAG or pCDNA-ASIC2a-FLAG were used. The cells were grown to confluency in 100-mm culture dishes in Dulbecco's modified Eagle's medium with 10% fetal bovine serum and 25 mM glucose for 2 days. For serum and/or glucose deprivation, the cells were extensively washed in PBS and incubated in Dulbecco's modified Eagle's medium with 25 mM glucose or without glucose. In experiments with cycloheximide and brefeldin A, the cells were treated with each drug for 1 h in serum containing medium prior to and during serum deprivation for indicated time period. Cycloheximide are used at 50 M and brefeldin A at 1 g/ml. B-27 serum-free supplement and the supplements B27 minus antioxidant, B27 minus insulin, and insulin-transferrin-selenium were purchased from Invitrogen. Bovine insulin and cycloheximide were purchased from Sigma, and brefeldin A was from Epicenter. For biotinylation, the cells in 100-mm culture dishes were washed in ice-cold PBS and incubated with 0.3 mg/ml EZ-Link sulfo-NHS-LC-Biotin (Thermo Scientific Pierce) at 4°C on a rocker for 30 min. The cells were collected and lysed with 1% Triton X-100/PBS, and an aliquot of lysates was collected for measurement of protein concentration. Biotinylated proteins were separated from the intracellular protein fraction using 40 l of agarose resin linked to NeutrAvidin (Thermo Scientific Pierce) by incubation overnight at 4°C and subsequent centrifugation. After extensive washing in 0.5% Triton X-100/PBS, biotinylated proteins bound to avidine-agarose resins were resuspended in SDS-PAGE sample buffer in a volume according to the total protein concentration and eluted from avidin-agarose by heating at 95°C. Equal amounts of biotinylated ASIC1a-FLAG and ASIC2a-FLAG were analyzed by Western blot to compare the changes in surface-expressed protein levels. 50 g of intracellular proteins were loaded in each lane for comparison with intracellular ASICs and ␤-actin as loading control with. Following SDS-PAGE, the proteins were transferred to polyvinylidene difluoride membrane, which were then blocked in PBS containing 5% milk (blocking buffer) and probed with the primary antibodies mouse anti-FLAG (Sigma) and/or rabbit anti-␤-actin (abcam). The membranes were probed with secondary antibody-horseradish peroxidase conjugates, goat anti-mouse IgG, and/or goat anti-rabbit IgG (Bio-Rad). Horseradish peroxidase bound to immunocomplex was visualized with ECL (Amersham Biosciences) and Kodak BioMax Chemiluminescence film. The intensity of the protein bands detected was scanned and quantified by the National Institutes of Health ImageJ gel analysis program.
Electrophysiology-ASIC currents were recorded with whole cell patch-clamp method from stably transfected CHO cells with pCDNA-ASIC1a-EGFP and primary culture of cortical neurons from mice. In CHO cells, GFP-positive cells were selected for recording of ASIC1a currents. For serum and B27 deprivation, the cells were incubated in either serum-free or B27-free medium for 1 h prior to current measurements. In general, the cells were voltage-clamped at a holding potential of Ϫ60 mV. The data were acquired using an AXOPATCH 200B amplifier with pCLAMP 8.2 software (Axon Instruments, CA). The data were filtered at 2 KHz and digitized at 5 KHz using Digidata 1322A (Axon Instruments). For changes of extracellular solutions, a multibarrel perfusion system (SF-77; Warner Instruments, Hamden, CT) was used. Low pH extracellular solutions were applied at 2-min intervals. The normal extracellular solution contained 140 mM NaCl, 5.4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, and 10 mM glucose, 320 -335 mOsm at pH 7.4. For the acidic extracellular solutions, the pH was adjusted with NaOH/HCl. Patch pipettes were pulled from borosilicate glass (1.5-mm diameter; WPI, Sarasota, FL) on a two-stage puller (PP83; Narishige, Tokyo, Japan). Pipettes had a resistance of 2-4 M⍀ when filled with the intracellular solution, which contained 140 mM CsF, 2 mM TEACl, 5 mM EGTA, 10 mM HEPES, 1 mM CaCl 2 , 4 mM MgCl 2 in pH 7.3 adjusted with CsOH/HCl, 290 -300 mOsm. All of the experiments were carried out at room temperature. The recordings with an access resistance of less than 10 M⍀ and a leak current less than 100 pA at Ϫ60 mV were included for analysis. The data are presented as the means Ϯ S.E. The statistical significance was determined using two-way ANOVA and Student's t test where appropriate. The differences were considered significant when p Ͻ 0.05.
RESULTS

Surface Expression of ASIC1a Increases in the Absence of
Serum-In both neurons and CHO cells, acid-activated currents by ASIC1a increase in response to ischemic conditions leading to cell injury (9) . In those studies, in vitro conditions such as oxygen and glucose deprivation and acid treatment at pH 6 have been applied to the cultured cells to mimic conditions occurring in brain ischemia. Accordingly, we studied the cause of potentiation of ASIC1a currents under ischemic conditions induced in cell culture models and examined whether the pathological settings cause ASIC1a activation by increasing the surface expression levels of the channel. We used CHO cells stably expressing ASIC1a epitope-tagged with FLAG (ASIC1a-FLAG) to measure the surface expression level by biotinylation of surface proteins and Western blot analysis. We first tested the effect of serum and glucose deprivation at low extracellular pH (pH 6) on the surface trafficking of ASIC1a. Interestingly, surfaceexpressed ASIC1a markedly increased under these conditions. The increase was observed already by 15 min after the treatment and was significant at the 60-min time point (Fig. 1A) . We further examined whether either of the conditions, deprivation of serum and glucose or treatment at pH 6, was responsible for the increase in the surface expression of ASIC1a. When CHO cells were exposed to serum and glucose withdrawal at pH 7.4, the surface expression level of ASIC1a increased significantly and was almost comparable with the amount observed under both serum and glucose deprivation at pH 6 (Fig. 1A) . The changes in the surface levels of ASIC1a were insignificant when cells were treated only to low pH (pH 6) in serum-and glucose-containing medium, suggesting that acid activation is not involved in serum-responsive recruitment of ASIC1a to the cell surface (data not shown). We further determined the effect of serum on ASIC1a surface expression by exposing cells to medium deprived of serum but containing glucose. Western blot analysis of the surface-expressed ASIC1a showed that depletion of serum alone was sufficient to increase the expression level of ASIC1a on the cell surface (Fig. 1C) . Quantification of the surface ASIC1a detected by the Western blot analysis showed an increase of about 2.5-fold during 60 min of serum depletion, and this increased amount was sustained for at least 120 min (Fig. 1C) . To find out whether surface trafficking of ion channels triggered by serum depletion is specific to ASIC1a, we examined surface trafficking of ASIC2a epitope-tagged with FLAG (ASIC2a-FLAG) in CHO cells. ASIC2a is an isoform of ASIC1a sharing a high degree of homology in amino acid sequence and found to form heteromultimeric channels with ASIC1a (8) . Unlike ASIC1a, the surface expression level of ASIC2a was not responsive to serum depletion at pH 7.4 and maintained the same expression levels in the presence and absence of serum. This result suggests that surface trafficking The data represent the means Ϯ S.E. of protein levels from at least four independent experiments, where an asterisk indicates p Ͻ 0.05 at the 60-and 120-min time points (Student's t test). Surface expression levels of ASIC2a-FLAG were shown as control. Anti-FLAG antibody was used to detect ASIC1a-FLAG and ASIC2a-FLAG. ASIC1a(s), surface located ASIC1a; ASIC1a(i), intracellular ASIC1a; ␤-actin: loading control.
mediated by serum depletion is not a common phenomenon for all ASICs but is specific to ASIC1a.
To visualize the effect of serum depletion on ASIC1a expression, CHO cells expressing ASIC1a-GFP were examined by epifluorescence microscopy. ASIC1a-GFP fusion protein has been previously demonstrated to target correctly, to function as an ion channel, and to be regulated in the same way as native ASIC1a (13) . In the presence of serum, ASIC1a-GFP was predominantly expressed in intracellular organelles including regions proximal to the nucleus and, to a much lesser extent, in the plasma membrane (supplemental Fig. S1 ). The intracellular localization of ASIC1a-GFP was not the result of altered protein trafficking caused by fusion of GFP at the C terminus, because a similar subcellular distribution was observed for ASIC1a without an epitope (see Fig. 5B ), and the N-terminal fusion of HA to ASIC1a (13) expressed in CHO cells. Supporting the findings from the biotinylation assays, microscopic images showed translocation of ASIC1a-GFP to the plasma membrane (supplemental Fig. S1 ). The intense localization of ASIC1a proximal to the nucleus was less evident during 120 min of serum depletion. Instead, the channel exhibited a higher intensity of GFP in the plasma membrane. Different from ASIC1a, ASIC2a-GFP was primarily localized to the plasma membrane in CHO cells in the presence of serum. As shown by biotinylation assays, subcellular localization of ASIC2a-GFP did not show any apparent changes and maintained the same expression pattern in the absence of serum (supplemental Fig. S1 ). Taken together, these results suggested that serum depletion causes a significant increase in surface-expressed ASIC1a in CHO cells and that serum-responsive surface trafficking is specific to ASIC1a. These results further imply that potentiation of ASIC1a during ischemic conditions in vitro is primarily caused by an increase in surface-localized ASIC1a in response to serum depletion.
ASIC1a Is Predominantly Localized in the ER, and Serum Depletion Causes Translocation from the ER to the Plasma
Membrane-To determine the intracellular localization of ASIC1a, cells expressing ASIC1a-GFP were immunostained with an antibody recognizing an ER protein GRP78 (BiP) or lamin B located in the inner nuclear membrane and examined by confocal microscopy. Immunostaining with anti-GRP78 revealed localization of ASIC1a in the ER with a distribution pattern overlapping with that of GRP78 (Fig. 2, A and C) . Immunostaining with lamin B and analysis of reconstructed images of three-dimensional stacks showed that ASIC1a expressed adjacent to the nucleus in a ring-shaped pattern does not colocalize with lamin B but is localized to the outer nuclear membrane that is an extension of the ER (supplemental Fig. S2 ). Unlike ASIC1a, ASIC2a is not colocalized with GRP78 but is largely expressed on the cell surface (Fig. 2B ). The differences between ASIC1a and ASIC2a subcellular localization imply that these two channels have distinctive surface trafficking mechanisms despite having a high level of amino acid sequence identity. Further, these data imply that the retention of ASIC1a in the ER might be a regulatory mechanism for surface trafficking of this channel whereby extracellular signals including serum depletion cause translocation of the channel from the ER to the plasma membrane.
We next tested the possibility that serum depletion induces translocation of the ER-resident ASIC1a to the cell surface and that this process does not require de novo protein synthesis under serum depletion. In this assay, the cells expressing ASIC1a-FLAG were treated with 50 M cycloheximide, an inhibitor of protein synthesis, 1 h prior to and during serum depletion. Cell surface biotinylation followed by Western blot analysis with anti-FLAG antibody showed that inhibition of protein synthesis does not change the effect of serum-responsive trafficking of ASIC1a (Fig. 2D) . The release of ASIC1a from the ER to the plasma membrane was further tested by blocking the forward protein transport from the ER to the Golgi in the presence of brefeldin A. When cells were treated with 1 g/ml brefeldin A 1 h prior to and during serum depletion, no increased accumulation of ASIC1a was observed in the plasma membrane (Fig.  2E) . These results suggested that the increased surface levels of ASIC1a do not depend on new protein synthesis but rather result from exocytosis of the pre-existing proteins from the ER.
Serum Depletion Increases Acid-activated Currents in CHO Cells without Modification of Channel Properties-One important question is whether the newly recruited channels are functionally active and therefore contribute to the increase in ASIC currents observed under ischemic conditions. To examine the activity of the channels, acid-induced currents were measured from CHO cells stably expressing ASIC1a GFP by the whole cell patch-clamp method. It has been demonstrated that GFP fusion to ASIC1a does not change the electrophysiological properties of the channel (13) . Upon activation by acidic extracellular solution (pH 6), ASIC1a showed typical transient inward currents at a holding potential of Ϫ60 mV. As shown in Fig. 3A , the amplitude of acid-evoked inward currents was significantly higher in cells incubated in serum-depleted medium for 1 h prior to the current recordings compared with control cells without serum depletion. The peak amplitude of the serum-deprived cells (5688 Ϯ 672 pA, n ϭ 6) was 2-fold higher than that of the control cells (2755 Ϯ 672 pA, n ϭ 5) at the 10-min time point. Analysis of current densities, measured by normalizing the peak current amplitude to the cell capacitance, revealed a significantly larger difference (3-fold) between the cell groups (119 Ϯ 45 pA/pF in control group and 364 Ϯ 31 pA/pF in serum-depleted group, p Ͻ 0.01, two-way ANOVA; Fig. 3B ). These data demonstrate that surface ASIC1a channels under serum depletion conditions are functionally active. Furthermore, the increase in current density suggests an increase in the number of channels in the plasma membrane, in agreement with the data shown by biotinylation assay of surface pro- (right panel) . B, analysis of peak current amplitudes in cell density. The current densities from untreated and serum-depleted cells are plotted as a function of time, where the significant differences (p Ͻ 0.01) were measured at all time points. The value at the 10-min time point is shown. C, pH responsive activity of ASIC1a in serum-replete and -depleted cells. ASIC1a was activated by exposure to pH ranging from 7 to 6. The peak current amplitudes were plotted as function of pH, and the pH of half-maximum activation (pH 0.5 ) was measured for ASIC1a in untreated (black circles) and serum-depleted (red circles) cells. D, inhibition of ASIC1a activity in response to 100 M amiloride. ASIC1a current amplitudes were recorded from the serum-replete and -depleted cells before (control), during (amiloride), and after (wash) the drug treatment. Relative amplitudes are shown to compare the changes in ASIC1a channel activity upon amiloride treatment. Statistical analysis was carried out using two-way ANOVA. The values are the means Ϯ S.E. (n ϭ 5-6), and ** indicates p Ͻ 0.01.
teins. Nevertheless, we further tested whether the surface ASIC1a under serum depletion conditions exhibit the same properties as the channels without serum stress to rule out any question of ASIC1a potentiation by biophysical property changes. Measurement of the pH of half-maximum activation (pH 0.5 ) for ASIC1a showed that depletion of serum did not change pH sensitivity of this channel (pH 0.5 6.55 Ϯ 0.05 in the control cells and pH 0.5 6.54 Ϯ 0.07 in the serum-depleted cells; Fig. 3C ). Next, pharmacological property was examined by the application of amiloride, a nonspecific blocker of ASICs. Serum depletion did not change dose-responsive inhibition of the channel or the recovery of the channel activity after removal of the channel blocker. The addition of 100 M amiloride in the extracellular solution decreased the channel activity to 54.16 Ϯ 0.05% in untreated cells and to 61.89 Ϯ 0.05% in cells treated with serum depletion (Fig. 3D) . These data suggest that serum depletion does not change channel function, and channels newly recruited during serum depletion are functionally indistinguishable from the channels expressed in the presence of serum. It is therefore likely that ASIC1a channels are present in the ER as functional channels, not as a single subunit, and are retained by a mechanism specific to this channel.
Insulin Depletion Causes Accumulation of ASIC1a in the Plasma
Membrane-Increased surface expression of ASIC1a in the absence of serum suggests a role for serum in maintaining low levels of the ASIC1a in the plasma membrane. To identify the serum component(s) crucial for the ASIC1a surface regulation, we tested a number of cell culture components in next experiments. A serum supplement known as B27 contains 20 compounds that are essential for neuronal cell culture in serum-free medium in the absence of a feeder layer of glial cells (14) . The components of B27 are derived from serum and consist of growth factors, hormones, and a variety of antioxidants, among others, with well defined concentrations (14) . To investigate whether B27 could restore the effect of serum, retaining surface ASIC1a at a low level, serum depletion experiments were performed in medium supplemented with B27 but without serum. In this setting, B27 was able to fully restore the effect of serum, which is suppression of ASIC1a accumulation (Fig. 4A ). This result suggested that the regulatory factor(s) are present in B27. Accordingly, the following serum depletion assays were performed with B27 components individually or as mixtures. Among those tested, the most conclusive effect was observed with a combined solution of insulin and transferrin and B27 without insulin (Fig. 4B) . The mixture of insulin and transferrin was able to prevent the accumulation of ASIC1a on the cell surface, whereas accumulation of surface ASIC1a still occurred in the presence of B27 without insulin during serum depletion, indicating that B27 without insulin no longer restores the effect of serum or the complete B27 complex on ASIC1a trafficking. In contrast, other components of B27 such as antioxidants (Fig. 4B) , vitamin mixtures, corticosterone, or lipid complex (data not shown) had no significant effect on ASIC1a trafficking. Based on these results, we examined the effect of insulin in the serum-depleted medium. The addition of 10 g/ml insulin, the amount present in B27, completely restored the effect of serum on ASIC1a trafficking, maintaining low expression of ASIC1a on the surface during serum depletion (Fig. 4C) . In agreement with the results obtained using serum, the insulin effect was specific to ASIC1a trafficking, because the surface expression of ASIC2a was not responsive to insulin in the absence of serum (Fig. 4C) .
ASIC1a Is Localized in Intracellular Organelles in Neurons-
Although previous studies have demonstrated the localization of ASIC1a in dendrites, dendritic spines, and the soma with a distinctive expression pattern of clusters in neuronal cells, the intracellular expression of ASIC1a has been overlooked so far (3, 5, 13, 15) . Because ASIC1a is predominantly localized in the ER in CHO cells, which is the source of surface-expressed channels in the absence of insulin, we examined the possibility of intracellular localization of ASIC1a in neuronal cells. For immunostaining of endogenous ASIC1a in neurons, the antiASIC1a antibody was first tested by Western blot. In transfected CHO cells, the antibody detected primarily ASIC1a plus two minor bands of ϳ65 and 150 kDa (Fig. 5A) . By comparison, brain lysates of wild-type (ASIC1a ϩ/ϩ) mice showed a protein band specific to ASIC1a at the expected molecular mass (ϳ65 kDa) and several additional protein bands of between 37 and 50 kDa, and 150 kDa (Fig. 5A) . The lower molecular mass proteins (LMP) were specific to ASIC1a, because these proteins were absent in brain lysates of the ASIC1a knock-out mouse (ASIC1a Ϫ/Ϫ ). Although these proteins are yet to be identified, it is likely that they are degradation products from the full-length ASIC1a proteins. The high molecular mass protein (Ͼ150 kDa) represented a nonspecific cross-reacting protein, because this band was also detected in knock-out mice. Although Western blot showed detection of one nonspecific protein, this antibody was used for immunostaining of brain slices and cultured neurons because of the lack of antibody specific only for ASIC1a. Although the immunoreactivity was highly specific to ASIC1a in CHO cells (Fig. 5B) , neuronal culture from the knock-out mouse showed some background staining, possibly from the nonspecific protein detected by Western blot (Fig. 5C) . However, neurons from the knock-out mouse did not exhibit any clusters in dendrites and the soma, a characteristic of ASIC1a expression pattern. In contrast, neurons from the wild-type mice revealed a strong immunoreactivity of ASIC1a with the distinctive cluster pattern (Fig. 5C) . In these cells, staining was also observed in the region adjoining to the nucleus, which is similar to the pattern observed in CHO cells. To rule out the possibility of artificial effects of growth in culture on the ASIC1a expression pattern, brain slices from wild-type mice were immunostained. ASIC1a was abundantly expressed in striatal neurons in brain slice (Fig. 5D ). Colabeling with a neuronal marker NeuN confirmed that high expression of ASIC1a occurred in neurons and that a significant proportion of the staining localized to clusters adjacent to the nucleus. Furthermore, cortical neurons in the brain slices and from the primary culture also exhibited ASIC1a localization adjacent to the nucleus, probably in the outer nuclear membrane (Fig. 5E) . To verify the intracellular localization of ASIC1a, we transfected cultured cortical neurons with HA-tagged ASIC1a (HA-ASIC1a) cDNA. Immunostaining with anti-HA antibody showed ASIC1a subcellular localization that was indistinguishable from the endogenous ASIC1a localization detected by antiASIC1a antibody (Fig. 5E) .
Insulin Withdrawal Potentiates ASIC Currents in Neurons-The effect of the serum supplement B27 and insulin on ASIC current was assessed in cultured cortical neurons, to examine whether depletion of these components increased acid-evoked currents. Electrophysiological measurements were chosen instead of biotinylation of surfaceexpressed ASIC1a in neurons because of the low abundance of endogenous ASIC1a in these cells. In neuronal cultures, B27 serum supplement replaced serum because of the cytoxicity of serum toward neuronal cultures. Neurons express ASIC1a and ASIC2a as homo-and heteromultimeric channels. To activate ASIC1a channels in neurons, but not ASIC2a, the extracellular pH was lowered to pH 6.0. This strategy was based on previous studies demonstrating that neurons from ASIC1a knock-out mice did not generate any currents at pH 6.0 (3, 9) . Treatment of neurons in medium without B27 for 1 h prior to recordings significantly increased the amplitude of acid-induced currents compared with the control neurons maintained in the B27-containing medium (Fig. 6A) . The peak amplitude of the neurons in the absence of B27 (3097 Ϯ 258 pA, n ϭ 5, p Ͻ 0.01) was 3.1-fold higher than that of the control neurons (993 Ϯ 293 pA, n ϭ 5) at the 10-min time point following the establishment of whole cell configuration. Analysis of current density also showed a significant increase (2.8-fold) in the B27-depleted cells (16 Ϯ 4 pA/pF in control cells and 45 Ϯ 6 pA/pF in B27-depleted cells; p Ͻ 0.01, two-way ANOVA; Fig. 6B ). To examine whether insulin is the key component of B27 preventing potentiation of ASIC1a currents, the cells were incubated either in medium without B27 but supplemented with insulin (control group) or in medium depleted of both B27 and insulin for 1 h. In agreement with results obtained using B27, 10 g/ml insulin prevented potentiation of ASIC currents (Fig. 6C) . Neurons incubated in insulin-depleted medium exhibited a significant increase in currents (2804 Ϯ 266 pA, n ϭ 13, p Ͻ 0.01) compared with the control groups (1379 Ϯ 246 pA, n ϭ 10). A significant difference was also observed in current densities (42 Ϯ 4 pA/pF in control groups and 29 Ϯ 6 pA/pF in insulindepleted cells, p Ͻ 0.05; Fig. 6D ). These results suggest that withdrawal of insulin significantly potentiates ASIC currents in neurons. We further tested whether the addition of insulin to the B27-deleted cells reverses the potentiation of ASIC1a currents. The neurons were first incubated in B27-depleted medium for 1 h and subsequently in medium supplemented with insulin for 1 h at 37°C. Treatment of the cells with insulin following B27 depletion showed ASIC currents significantly lower than the cells without the additional incubation with insulin (1371 Ϯ 411 pA, n ϭ 9, for insulin-supplemented cells and 2804 Ϯ 266 pA, n ϭ 10 for B27-depleted cells, p Ͻ 0.05 at 14-min time point; supplemental Fig. S3 ). The currents of the insulin-treated cells were almost comparable with the mock treated control cells.
Considering the intracellular localization of ASIC1a in neurons, it is plausible that the increased ASIC currents observed in the absence of insulin are mediated by increased trafficking of the intracellular ASIC1a to the plasma membrane, as demonstrated in the CHO model system. The observed reduction in ASIC1a levels following the addition of insulin to insulin-deprived neurons provides evidence for the reversibility of the trafficking effect.
DISCUSSION
Tight control of ASIC1a activity is vital for normal physiological function of the brain, because the synaptic activity of this channel plays a crucial role in the formation of learning and memory (3, 5) . However, during cerebral ischemia and in vitro models of acidosis-related ischemic conditions, ASIC1a activity exceeds the normal physiological levels, leading to neuronal death (9, 12) . Depletion of oxygen and glucose are accepted experimental ischemic conditions modeling ischemia, replicating the detrimental metabolic characteristics occurring in brain during blockage in blood flow. The present study demonstrated that the absence of insulin causes a significant accumulation of ASIC1a on the cell surface. In CHO cells, depletion of glucose or low extracellular pH did not impact the surface expression of ASIC1a at the level that serum depletion did, because a high accumulation occurred regardless of glucose levels or pH during serum depletion. By contrast, insulin was able to fully restore the effect of serum by maintaining surface ASIC1a at low levels when present and by promoting increased surface accumulation of ASIC1a when absent. Supporting these data, electrophysiological measurements showed that the absence of serum and insulin significantly increased ASIC1a activity in CHO cells and cultured cortical neurons, respectively. Furthermore, patch-clamp recordings showed that serum depletion increased ASIC1a currents without changing channel properties, as demonstrated by pH of half-maximum activation and response to the channel blocker amiloride. These results demonstrate that potentiation of ASIC1a activity under ischemic conditions is caused by increased surface expression of this channel during depletion of serum and in particular of insulin. Thus, this study suggests that insulin, in addition to oxygen and glucose, may be a crucial component of serum affecting the outcome of cerebral ischemia. Because cerebral ischemia results in reduced blood flow to the affected region of the brain, stroke will result in decreased delivery of insulin to the affected tissue. Hence the effect of insulin on ASIC1a expression observed in vitro is likely to be relevant to the pathogenesis of the stroke.
Insulin is present throughout the brain. Although insulin generally functions in glucose uptake in various organs, brain insulin is involved in neuronal functions such as growth and maturation and modulation of surface expression of various ion channels and neurotransmitter receptors (16 -18) . In kidney tissue, insulin increases surface expression of epithelial sodium channel subunits via serum and the glucocorticoid-regulated kinase SGK1 pathway (19) . Interestingly, a recent study by Arteaga et al. (20) reported that SGK1.1, a brain-specific splice isoform of SGK1, decreases expression of ASIC1a at the cell surface. It would be speculative yet interesting to find out whether insulin-mediated ASIC1a regulation occurs through the SGK1.1 signaling pathway in neuronal cells, because SGK1.1 is not regulated by glucocorticoid in the brain (20) .
Analyses by immunostaining revealed intracellular localization of ASIC1a, especially in the ER and in the outer nuclear membrane in CHO cells. Inhibition of protein transport from the ER to the Golgi by brefeldin A, but not the inhibition of de novo protein synthesis by cycloheximide, prevented ASIC1a surface accumulation, suggesting that the intracellular pool of ASIC1a in the ER is the source for the surface accumulation during serum and insulin depletion. These data support ER retention as a trafficking mechanism for ASIC1a. We rule out the interpretation of intracellular localization of ASIC1a as trafficking failure caused by expression in heterologous cells, because proteins defective in trafficking would not move to the plasma membrane in response to depletion of serum or insulin. Moreover, intracellular localization of ASIC1a is also evident in neuronal cells both in the primary culture and brain slices. Endogenous as well as transfected ASIC1a in neuronal cells exhibited a distinctive localization proximal to the nucleus, which is most likely the outer nuclear membrane as shown in CHO cells. These findings lead to the question of what mechanisms underlie the retention and retrieval of ASIC1a in and out of the ER modulating the surface expression of this channel. ER retention mechanisms are considered to exert quality control for trafficking of proteins to the plasma membrane (21) . The delivery of properly folded and assembled ion channels to the plasma membrane is a crucial process for ion homeostasis in the cell, and more delivery of channels to the synaptic sites in excitable cells is of particular importance for synaptic transmission as shown by the GluR2 subunit of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor and the NR1 subunit of N-methyl-D-aspartate receptors (22, 23) . Previous studies localized ASIC1a to the dendrites, postsynaptic sites in dendritic spines, and the soma (3, 13, 15, 24, 25) . However, the delivery mechanism of ASIC1a to the synaptic sites and the soma is still unknown. ASIC1a and ASIC2a share 67% identity in amino acid sequence (2, 26) . Nevertheless these isoforms differ from each other in subcellular localization in CHO cells; whereas ASIC1a is largely retained in intracellular locations, the majority of ASIC2a is located in the plasma membrane. This difference in subcellular localization suggests an ER retention mechanism embedded in the ASIC1a sequence. Numerous studies have identified protein sequence motifs for ER retention in extracellular, cytoplasmic, or transmembrane regions in various surface proteins. ASIC1a does not contain any of the known motifs such as KDEL, KKXX, and RXR in the protein sequence (reviewed in Ref. 27) , implying that the ER retention signal in ASIC1a might operate via a mechanism different from the ones identified so far.
A number of factors are involved in potentiation of ASIC1a activity. Among them are extracellular factors changing the redox state of the extracellular loop domain or intracellular regulatory proteins that change the phosphorylation state of the cytoplasmic domains (13, 28 -33, 34) . Although these factors addressed potentiation of ASIC1a caused by changes at the level of electrophysiological property, a cytoplasmic protein annexin II light chain p11 has been shown to potentiate ASIC1a activity by promoting surface trafficking of this channel (35) . p11 is also involved in surface trafficking of TASK-1 K ϩ channel (36) . The interaction between TASK-1 and p11 is intriguing because p11 binding causes release of the channel from the ER by masking the retention signal. An ER membrane protein sigma-1 receptor (Sig-1R) has also been identified as a modulator of ASIC1a activity, by which inhibition of this protein activated ASIC1a channel (37) . Although the underlying mechanisms are unknown, association of p11 and Sig-1R with ASIC1a activity points to regulation of this channel at the ER level. Thus, ER retention of ASIC1a together with regulation by Sig-1R and p11 appear to constitute significant regulatory mechanisms for ASIC1a that may operate at the level of channel trafficking.
Under normal conditions, neuronal cells show ASIC1a in distinctive subcellular distributions including synaptic localizations, suggesting a specific targeting mechanism for this channel. It is yet to be characterized whether channel targeting and localization is affected when an excess of ASIC1a is present in the plasma membrane in the absence of insulin. As seen with potassium channel Kv2.1 (38) , uncontrolled targeting and distribution under ischemic conditions could result in changes in electrophysiological properties that contribute to channel functions that are detrimental for the neurons. 
